The kinetic parameters of a chemical reaction were obtained from analysis of the frequency spectrum of the fluctuations (i.e., "noise") in the concentrations of the reactants. In "fluctuation spectroscopy," no external perturbation is applied and the system remains in macroscopic chemical equilibrium during the experiment. For a determination of -the individual reaction rates, techniques that monitor the time dependence of the concentration of a reactant as the system comes to equilibrium have been developed (1, 2). A particularly powerful method pioneered by Eigen and coworkers (3, 4) is the chemical relaxation method, in which the system at equilibrium is subjected to a sudden perturbation, and the subsequent time dependence of the equilibration process is monitored.
Chemical equilibria are maintained by a balance between the rates of competing reactions. At equilibrium the average concentrations of the individual reactants remain constant. For a determination of -the individual reaction rates, techniques that monitor the time dependence of the concentration of a reactant as the system comes to equilibrium have been developed (1, 2) . A particularly powerful method pioneered by Eigen and coworkers (3, 4) is the chemical relaxation method, in which the system at equilibrium is subjected to a sudden perturbation, and the subsequent time dependence of the equilibration process is monitored.
In the present work, we discuss and demonstrate experimentally a method of obtaining kinetic parameters without applying an external perturbation to the system. The method is based on the basic principle of statistical mechanics that states that the concentration of a reactant in a system at equilibrium fluctuates around its equilibrium value. The frequency spectrum of these fluctuations are related in a known way to the time dependence of the equilibration process (5) . Thus, by spectral analysis ("fluctuation spectroscopy") of the concentration fluctuations, one obtains, in principle, the same kinetic information as from relaxation methods. Any physical parameter that "tags" the reactants (e.g., optical absorption, circular dichroism, fluorescence, dielectric constant, magnetization, electrical charge, volume, etc.) will reflect the concentration fluctuations of the reactant and can, therefore, be used.
Measurement of concentration fluctuations due to diffusion in a chemically inert system has become a standard experimental technique (6) . The effect of a chemical reaction on the spectrum of scattered light has been investigated theoretically by several authors (7) and experimentally by Yeh and Keeler (8) .* Recently, Magde et al. (9) have observed the fluctuations in the fluorescence emission from a chemically reactive system. In both of these experiments, the major part of the spectrum of the detected light is governed by diffusion. In this study we have determined the kinetic parameters of the dissociation process in beryllium sulfate by studying the frequency spectrum of the conductivity fluctuations of the electrolyte. This system has been studied by relaxation methods for many years (3, 10, 11) and is well understood. It serves, therefore, as a good model system to test the method of fluctuation spectroscopy. A brief account of this work was given earlier (12) .
During these experiments, other noise sources not originating from a chemical reaction were observed and analyzed. The amplitude and frequency spectrum of these fluctuations contain information about several parameters of the system (e.g., its dimensions, the number of "active" molecules and their rate of transport).
THEORETICAL CONSIDERATIONS
Fluctuations in a simple reacting system Consider first the simple reacting system described by ki2 NA 2 NB k2h [1] where kl2 and k21 are the kinetic parameters to be determined. (SNA)2= NA2-NA = f [6NA(V)]2dv = NA(1 -NA/N). [2] This equation shows that the mean square magnitude of the fluctuations is independent of the reaction rate and is largest for p = 0.5, i.e., NA = NBE We next calculate the frequency spectrum of the fluctuations [6NA (V) ]2. A perturbation imposed on the system will decay exponentially as exp(-t/r), where l/r is given by k12 + k2l (3, 4) . As long as the system behaves randomly, the autocorrelation function of the concentration fluctuations 3NA(t)SNA(t + t1) is a constant times exp(-tl/r) (5 [3] Thus, from the amplitude and frequency dependence of the fluctuations one obtains both the number of molecules, NA, and T. Fig. 1 (bottom) shows a plot of Eq. 3.
Noise spectrum from a Chemical reaction in an electrolytic solution
The association-dissociation reaction of a divalent electrolyte proceeds as follows (3) ki2 k23
Me++ + S04--± Me++(H2O)SO4--± MeSO4. [4] k2l k32
where Me++ is any divalent metal. We used beryllium sulfate. where nli is obtained from the salt concentration, n, by way of the rate constant K2.
We next calculate the mean square of the voltage fluctuations when a constant current passes through the electrolyte confined in a capillary of length 1 and radius r. These fluctuations are related to the number of ions N1 as follows:
where R is the resistance of the electrolyte in the capillary. The quantity in the last parenthesis would equal one if the conductance were exactly proportional to the number of ions. N \1 + nlKi /K 1 + 2niKoJ [8] where ni refers to molar concentrations and N, to the number of particles. Combining Eqs. 5, 7, and 8, we obtain for the frequency spectrum of the fluctuations per unit bandwidth (,
)N,) (6 X 1020) (i7rr2l)
where a is a correction factor that takes into account the finite spreading resistance at the ends of the capillary. Its value is approximately given by [1 + (xrr/21) ]'- (13) .
It is useful to compare the reaction noise voltage with the inherent frequency-independent Johnson noise originating in (5) [6V(v)VJjohnson = 4kTR = 4kTp/(a7rr2) l = 5.8 X 10-2 cm and r = 3.0 X 10-3 cm, Eq. 11 gives a value of y = 1.1. Since Johnson noise can be measured with an accuracy of a few percent, the reaction noise can be analyzed with 'y significantly smaller than unity.
MATERIALS AND METHODS The cell
The electrolytic cell was produced by epoxying a capillary (see Fig. 2 ) between two Pyrex reservoirs that hold the electrolytic solution. The capillary was made by drawing out a thick-walled Pyrex tube that was subsequently sliced with a diamond wheel to the desired length. The dimensions of the capillary were obtained by a direct microscopic measurement and by a measurement of the resistance with an electrolyte of known conductivity. Taking account of the spreading resistance (13), the two methods agreed to within a few percent. A constant current source was provided by a battery connected to the cell through a resistance that was large compared to the cell resistance. The large current electrodes, [10] where p is the resistivity of the electrolyte, k the Boltzmans constant, and T the absolute temperature. Since the Johnson noise and the reaction noise are uncorrelated, the observed mean square voltage is the sum of these two contributions. From Eqs. 9 and 10, we obtain the ratio of the reaction noise to the Johnson noise at zero frequency:
+ n'Kj; L1 + 2nKj [11] The two variables that are at our disposal in trying to maximize the above expression are the dimensions of the capillary and the concentration, i.e., the resistivity of the electrolyte. In order to have a well-defined uniform electric field, we want a capillary whose length 1 Fig. 2 .
EXPERIMENTAL RESULTS
The noise spectrum from a 30 mM solution of beryllium sulfate was obtained as described in the previous section. The experimental results are shown in Fig. 3 . Fig. 3c shows the noise spectrum with no dc current flowing through the electrolyte. A similar spectrum was obtained from a wire-wound resistor having the same resistance as the electrolyte. For these two cases, one expects a frequency-independent (white noise) spectrum due to Johnson noise (Eq. 10). A slight deviation (about 10%) is observed at higher frequencies. This deviation is attributed to the imperfect frequency response of the spectrum analyzer and was taken into account in analyzing the spectra. The reaction noise from the electrolyte at two different temperatures is shown in Figs. 3a and rate constants, the amplitude was also left as an adjustable parameter to be checked against the theoretically predicted Let us now compare the kinetic parameters obtained in this work by fluctuation spectroscopy with those obtained by relaxation methods (10, 11) . Our results are presented on an Arrhenius plot in Fig. 4 Fig. 3 . [12] This value compares very well with the activation energy of 8.5 i 0.4 keal/mol obtained from relaxation measurements (11) . The relaxation rate 1/r obtained at 250C is 350 i 40 sec' (corresponding to P1/2 = 55 Hz; see Fig. 4 ). This is again in good agreement with the value of 375 sec1 obtained by the pressure jump technique (10).
OTHER NOISE SOURCES
Besides the reaction and Johnson noise, there are several other noise sources. These played a negligible role in the experiments described in the previous section, but under different experimental conditions (e.g., different cell dimensions) they may be of importance and contain additional information. We shall limit ourselves to a discussion of inherent noise sources and leave out those that arise from imperfect techniques (e.g., microphonics, electrode noise, fluctuation due to gas bubbles or particulate impurities).
Noise due to energy fluctuations The energy of a system fluctuates around its average energy by an amount (bE)2 = kT2c (5) per degree. For the experimental conditions depicted in Fig.  3b , Eq. 13 gives (6V)2 6 X 10-'4 V2. This is about one order of magnitude smaller than (bV)2 of the reaction noise. The characteristic time r with which these temperature fluctuations decay can be estimated as follows: The rate of heating of the electrolyte with a power in.put P equals P/c. Under steady-state conditions, the heating and cooling rates are equal, and a temperature rise AT is observed. The characteristic cooling (i.e., decaying) time is then given by r = ATc/P. For our experimental conditions (Fig. 3b) r -4 msec.
The characteristic time of the reaction kinetics was approximately the same (3.1 msec), so that the value [bV(v) ]2 due to the temperature fluctuations is expected to be about an order of magnitude smaller than that obtained from the reaction noise. Thus, at room temperature it can contribute an error of about 10% to the amplitude of the reaction noise. By replacing the beryllium sulfate solution with zinc sulfate, in which the reaction noise is not expected to show up (TReaction 10-8 sec), we found under the experimental conditions of Fig. 3b an approximate 5% increase in Johnson noise around 30 Hz. Although this result is consistent with the If the molecules in the capillary can communicate with an outside reservoir, their number N will fluctuate around an average value given by (bN)2 = N (5). The resulting fluctuations in the number of ions N1 will then be given by [14] where the last bracket takes into account the change of N1 with N. A comparison of Eqs. 14 and 8 shows that for our experimental conditions (Fig. 3b) the mean square value of these fluctuations is about one order of magnitude larger than that arising from the chemical reaction. However, because of the slow rate of these fluctuations, the power spectrum is shifted to very low frequencies and therefore did not contribute in Fig. 3 to an observable noise above 20 Hz. The characteristic time of these fluctuations depends on the mechanism of replacing the molecules inside the capillary. We shall discuss two of these mechanisms: diffusion and volume flow.
Diffusion. The molecules diffuse out of the capillary with a characteristic time r 12/(12D) where 12/12 is the mean square distance from the ends of the capillary and D is the diffusion coefficient. For the capillary dimensions used in our experiments and with D __ 10-5 cm2/sec (15), the characteristic time r ' 30 sec. corresponding to a frequency of about 0.005 Hz. This is clearly outside the range of observability in our experiments and, therefore, does not interfere with analysis of the kinetic data. Again, it should be noted that for smaller structures (capillaries) the diffusion mechanism may constitute a significant noise source. In fact, in the optical experiments the relevant diffusion length l is either the reciprocal scattering wave vector (8) or the beam diameter of the laser § (9). In both of these cases it enters critically into the interpretation of the experimental results.
Flow Through the Capillary. A simple way to replace the fluid in the capillary is to produce a pressure difference Ap between its two ends that will force the liquid through it. For laminar flow, the time r it takes to empty a capillary of length l and radius r is given by r = 812n1/(r2Ap), where -q is the viscosity of the fluid (16) . In order to observe this effect in a convenient frequency range, we used a cell with dimensions I = 1.8 X 10-2 cm, r = 2.5 X 10-s cm. The pressure differential was created by raising the level of the electrolyte in one arm of the cell. In order to eliminate the reaction noise a 10 mM solution of ZnSO4 was used. The experimentally observed noise spectrum from a flowing electrolyte is shown in Fig. 5 . The experimental trace could be fitted well with a Lorentzian [1 + (2rvtr)2]-1 (see dashed line in Fig. 5 ), although there is no a priori reason to believe that this is the expected functional dependence. The characteristic time r was 4 msec and the ratio of the "flow noise" at zero frequency [bV(0) ]2Flow to Johnson noise was found to be 6.5 (see Fig 5) . The calculated time it takes to empty the capillary with a § This could, in principle, be avoided by illumination of the liquid in a capillary whose diameter is smaller than the optical beam diameter (e.g., by the use of light pipes). pressure head used in the experiment (7.4 mm of H20) is 5 msec and the calculated ratio of "flow" to Johnson noise (using r = 4 msec) is 6.8, in excellent agreement with experiment. It should be noted that by these fluctuation methods one determines directly the number of ions N, (i.e., the dissociation constant), which is not easily determined by other methods.
DISCUSSION AND CONCLUSION
We have demonstrated that the frequency spectrum of the fluctuations (i.e., noise) from a chemical reaction can be used to obtain the kinetic parameters of the reaction. We have considered here an electrolyte as a convenient model system, but the method should have general applicability to problems of physical, chemical, and biological interest. For example, the melting of DNA or other poly nucleotides is accompanied by a resistance clange (17) , which makes the technique described here directly applicable. For enzyme reactions, monitoring of the fluctuations of an optical parameter might be advantageous. For the optical case, an expression analogous to Eq. 11 is easily derived in which the Johnson noise is replaced by the shot noise of the phototube. By use of an optical interferometer this unwanted shot noise may be greatly reduced.
A general theorem (fluctuation-dissipation) states that the kinetic parameters obtained from the frequency spectrum of the fluctuations are the same as those obtained from chemical relaxation measurements (5) . Since the latter has been developed to a high degree of sophistication during the past two decades, one may wish to compare the two methods and to inquire whether fluctuation spectroscopy has any advantages to offer (besides the personal satisfaction of using rather than fighting noise). One basic difference is that fluctuations are measured on a system that is in macroscopic chemical equilibrium, whereas in the relaxation method, the system has to be perturbed. Such pertubation may, in certain systems, produce an appreciable error. Another possible difficulty of the relaxation method may be the inability to find the proper physical parameter to perturb the system with. Consider, for example, a racemic mixture (equal number) of molecules with right-and left-handed symmetries. A pressure or temperature jump cannot be used (since the mixture remains racemic) to investigate the kinetics of transformation between the two states. However, the frequency spectrum of the fluctuations of the absorption of circularly polarized light could provide this information.
Another basic difference between the two methods is: Fluctuations arise essentially from the "granular" nature of matter. Consequently, the number of reacting molecules enters directly in the amplitude of the fluctuations. One can, for instance, distinguish by the fluctuation method whether one has a system with n molecules each with an extinction coefficient e or a system with nx molecules having an extinction coefficient e/x. The relaxation method cannot distinguish between the two systems. These advantages of the fluctuation method have to be weighed against the more stringent experimental requirement imposed by the handling of small (noise) signals.
During our investigation of the "chemical noise," other sources of noise were encountered. The most prominent of these arose from a flow of the electrolyte through the capillary. These fluctuations are related directly to the number of charge carriers. One can use, therefore, the "flow noise" to determine the molecular weight of macromolecules, in complete analogy with the classical light-scattering method of determining molecular weights. Although most of our experiment were designed to make these noise sources small in comparison to the chemical reaction noise, they can be of importance under different experimental conditions. For example, these fluctuations should be considered in analyzing the noise from microelectrodes (18) and small orifices (19) . These voltage fluctuations also could be used to investigate the transport of molecules through small channels, e.g., in biological membranes. Voltage fluctuations from membranes and nerves have already been observed by several investigators (20) .
